The chromosome malsegregation pattern produced by the spindle poisons vinblastine (VBL) and colchicine (COL) in human lymphocytes was investigated. For this purpose, the fluorescence in situ hybridization with centromeric DNA probes for chromosomes X and 1 was applied to cell cultures treated with cytochalasin B, a cytokinesis-blocking agent With this method, chromosome segregation in daughter nuclei-retained in the same cell envelope-can be easily analysed, simultaneously determining the loss and non-disjunction of specific chromosomes. Preliminary experiments demonstrated that the aneugenic effects elicited by low dose exposure to spindle poisons were effectively detected with treatments from the S/G 2 phase (43 h) to harvest of cell cultures (60 or 72 h), with no drugfree medium recovery. This exposure protocol was used in subsequent experiments, where COL and VBL were applied at concentrations which had no effect on the cell cycle ranging to producing marked mitotic block. To account for sex differences in chromosome X instability, lymphocyte cultures from both male and female donors were used to study X chromosome malsegregation. Chromosome 1 malsegregation, however, was analysed in female lymphocytes only. VBL induced reproducible, significant increases of micronuclei in cytokinesis-blocked cells at 5 ng/ml and over. In female lymphocytes, chromosome X loss was observed at 5 ng/ml whereas chromosome 1 loss was only observed at 10 ng/ml. In male lymphocytes, no significant chromosome loss was observed. On the other hand, nondisjunction of both chromosomes X and 1 was effectively induced in female lymphocytes even at 1.25 ng/ml, the lowest dose tested. In male lymphocytes, non-disjunction of chromosome X was observed at 5 ng/ml. Treatments with COL produced a significant increase of micronucleated cells only at the highest dose tested (20 ng/ml). No significant increase in the incidence of either chromosome X or chromosome 1 loss was observed. With cell cultures from donors of both genders, a significant increase in nondisjunction of chromosome X was observed at 5 ng/ml. At the same dose, chromosome 1 non-disjunction significantly increased. These results suggest that in cytokinesis-blocked human lymphocytes, non-disjunction is the prevalent error in chromosome segregation induced by low dose exposure to spindle poisons. Interestingly, non-disjunction was effectively induced even at doses which did not produce detectable detrimental effects on the cell cycle.
Introduction
Many distinct mechanisms, such as loss or random segregation of lagging chromosomes, non-disjunction of centromere and chromosome congregation failure, contribute to the production of aneuploid types at mitosis (Vig and Paweletz, 1988; Ford and Correll, 1992) . As a result, two main arrangements of malsegregated chromosome(s) in daughter nuclei may be produced: (i) non-disjunctional (Nd) distribution, consisting of one hypoploid and one hyperploid nucleus; and (ii) loss of chromosome (C7), consisting of either one normal and one hypoploid nucleus (if a single chromatid is lost) or two hypoploid nuclei (if a whole chromosome is lost).
Both genomic abnormalities (i.e. Nd and Cl) exert severe detrimental effects on human health, playing a major role in miscarriages and birth defects (Sankaranarayanan, 1979; Hook, 1985; Hecht and Hecht, 1987) , and in tumor progression (Barrett et al. 1985; Cavenee et al, 1986; Holhday, 1989) . Consequently, both Nd and Cl should be properly studied, to correctly assess the aneugenic potential of chemical substances. However, the most widely employed methods, based on the detection of micronuclei in interphase cells and their subsequent analysis by immunostaining or fluorescence in situ hybridization (FISH), are only suitable for the analysis of Cl. In order to overcome this limitation, an innovative approach, based on the in situ hybridization of cytokinesis-blocked cells with centromeric DNA probes, has been developed (Zinjo et al, 1994) . This procedure allows for the visualization of the overall chromosome distribution pattern in daughter nuclei, and for the simultaneous detection of both Nd and Cl of specific chromosomes. Furthermore, other than the screening of chemical aneugens, this approach may provide useful data on the induced chromosome malsegTegation mechanism, as far as alterations of different targets of the mitotic apparatus produce different patterns of chromosome misdistribution.
Within this framework, we have recently completed a study on the spontaneous sex chromosome malsegregation pattern in women (Zijno et al., 1996) , a phenomenon related to centromere dysfunction (Fitzgerald et al, 1975; Hando et al, 1994) . In this paper we report the results obtained with vinblastine (VBL) and colchicine (COL), two model compounds affecting the integrity of the mitotic spindle.
Materials and methods

Cell culture
Lymphocyte cultures were established from blood samples obtained from two healthy non-smoking male donors, aged 30 and 33 years, and from one healthy non-smoking female donor, aged 29 years. Whole blood (0.5 ml) was added to 4.5 ml of RPMI 1640 medium (Gibco, Scotland) with 25 mM HEPES buffer and L-glutamine, supplemented with 2O5fc heat-inactivated fetal calf serum (Flow, Scotland), antibiotics (Flow), 2% phytohaemagglutinin (PHA) and Italy) , and incubated at 37°C. Two parallel cultures for each experimental point were established. Cytokinesis was blocked with 6 ng/ml of cytochalasin B (Cyt B) (Sigma, MO, USA), added 44 h after PHA stimulation. The Cyt B dose was chosen, on the basis of previous results (Zijno et al., 1994) , to minimize the proportion of cells escaping the cytokinesis block. In this way, the population of binucleated cells scored consisted almost entirely of cells in their first round of nuclear division. This precaution is important in view of the high propensity of binucleated lymphocytes to missegregate their chromosomes during subsequent division rounds (Schultz and Onfelt, 1994; Zijno et al., 1994) .
Chemical treatment
Fresh solutions of colchicine and vinblastine (both from Sigma) in bidistilled sterile water were prepared for each experiment.
In the first experiment, two different protocols were applied, to single out the best treatment conditions for the assay of spindle poisons. Either parallel cultures were treated within the 24-43 h time interval, corresponding to the G|/S phase of the cell cycle (protocol A), or cells were treated from 43 h to harvest time (protocol B), thus encompassing the first mitotic division of the cell population. With both protocols, cells were harvested after 60 and 72 h of cultivatjon. Subsequently, protocol B was used for the main experiments, using lymphocyte cultures from two different donors (male and female).
Slide preparation
Cells were fixed according to Surrales et al. (1992) . Briefly, lymphocytes were pelleted by centrifugation (5 min at 150 g), resuspended in 0.075 M KC1, incubated for 2 min at room temperature and then gently fixed three times with methanohacetic acid (5:1). Fixed cells were either dropped onto clean, wet slides and stained with 5% Giemsa for 10-20 min or stored at -20°C for in situ hybridization.
FISH
FISH of lymphocyte cultures was performed using commercial biotinylated probes (ONCOR, Gaithersburg, MD) for the alphoid sequences of human chromosomes X and 1 (probes DXZ1 and D1Z5 respectively). Molecular hybridization and immunofluorescence detection of the probes were essentially carried out according to the protocol provided by the manufacturer with the ONCOR Chromosome In Situ Kit.
Before hybridization, slides were pretreated with pepsine (SERVA, Germany) (0.15 mg/ml in 0.01 N HC1, pH 3, for 5 min at 37°C), rinsed once in water and PBS, fixed for 5 min in 1% formaldehyde at 4°C, nnsed again in PBS and water, dehydrated (three washes in cold 70, 80 and 95% ethanol), denatured (70% formamide and 2X SSC, for 2 mm at 70°C), and dehydrated in 70, 80, 90 and 100% cold ethanol. The biotinylated probe was diluted in Hybrisol VI (ONCOR) to a final concentration of 10 ng/ml. The hybridization mix was heated for 5 min to 70°C to denature the probe, and then applied to the slide and incubated at 37°C in a moist chamber for 19-20 h.
After hybridization, slides were washed in 65% formamide and 2X SSC (20 min, 43°Q, followed by two washes of 4 min each in 2X SSC at 37°C. Detection of the biotin-labeled probe was performed with fluoresceinated avidin (FITC-avidin) (ONCOR); the fluorescent intensity was amplified by a biotinylated anti-avidin antibody (ONCOR), followed by an additional layer of FTTC-avidin. One more amplification round was applied on slides hybridized with the chromosome 1 probe. To counterstain DNA, a solution of propidium iodide (PI) and antifade was applied to the slide.
Slide scoring
One thousand binucleated cells per donor were blind scored on Giemsastained slides to estimate the frequency of micronucleated cells and the proportion of mono-and multinucleated (bi-, tri-and tetranucleated) cells. The nuclear division index (NDI), used as parameter of cell proliferation, was calculated as follows: (1XM, + 2X M 2 + 3X M 3 + 4X M 4 )/1000, where Af|, M 2 , Mj and M 4 arc the number of mono-, bi-, tri-and tetranucleated cells in 1000 scored cells (Eastmond and Tucker 1989) . The mitotic index (MI), i.e. the percentage of mitotic figures, was determined by scoring 1000 cells in the same slides.
Micronuclei were scored both in Giemsa-stained and in hybridized slides. Generally, the two scoring methods yielded highly consistent results. For a better comparison with the Cl rate (determined on hybridized slides), the micronuclei figures reported in the tables illustrate the results obtained by hybridized slides, except in those cases where hybridization was not carried out Hybridized slides were scored either by Leitz Laborlux or Lcica DM-RB microscopes, both equipped with a 50 W mercury lamp, an N2.1 filter block (band-pass filter 515-560 nm, long pass filter 580 nm) for the observation of PI and an 12/3 filter block (band-pass filter 450-490 nm, long pass filter 515 nm) for the observation of both PI and FITC. Cells were preliminarily scored under PI fluorescence for the presence of micronuclei. Hence, binucleated cells with intact membranes, and with no or limited nuclei overlapping, were observed with the 12/3 filter block in order to analyse the distribution of centromeric spots in daughter nuclei. Whenever possible, two thousand binucleated cells were scored per experimental point.
Binucleated cells displaying any deviation from the expected total number of spots (two in male cells hybridized with the probe of chromosome X and four in female cells hybndized with either chromosome X or chromosome 1 probes) were considered artifacts due to signal overlapping, poor probe penetration or unspecific hybridization. Only binucleated cells with the correct number of signals were considered informative. These cells were classified as normal when all signals were evenly distributed in the two daughter nuclei (i.e. two spots in each nucleus); Cl when one or more signals were found in micronuclei (e.g. two spots in one nucleus, one spot in the other and the fourth signal in a micronucleus; otherwise, one signal in each nucleus and two signals in one or two micronuclei); or Nd when an unbalanced distribution of signals in the main nuclei was observed (e.g. either three signals in one nucleus and one in the other, or four signals in one nucleus and none in the other). Examples of the above spot distribution patterns in binucleated cells have been reported elsewhere (Zijno et al., 19%) .
In addition, in the first experiment, the number of signals and micronuclei were also determined in mononucleated cells (1000 per experimental point) to evaluate the incidence of polyploid types produced by different treatment protocols.
Statistical analysis
The 2 X2 x 2 test, with Yates correction for continuity, was used to compare each treatment with its matched untreated control, unless the expected value of one cell was <5, in which case Fisher's exact test was used.
Results
Influence of the experimental protocol on the activity of spindle poisons
Preliminary experiments were carried out to find the best treatment protocol for the induction of chromosome malsegregation by spindle poisons in cultured human lymphocytes. Basically, two exposure regimens were compared: one entailing exposure during the G|/S phase (24-43 h), followed by washings and further cultivation in fresh medium (protocol A); the other entailing a later exposure (from 43 h to harvest time), with no recovery in drug-free medium (protocol B). With both protocols, cells were harvested at 60 or 72 h and hybridized with the centromeric probe of chromosome X. Table I and Figure 1 summarize the results obtained with VBL applied to lymphocytes of a male donor with the two exposure protocols (harvest time: 72 h).
As far as binucleated cells are concerned, treatment with protocol A produced a borderline, non-significant increase of micronuclei and an increase of non-disjunction of chromosome X, with no relationship with the dose (Figure 1 ). No marked effects on cell progression, as indicated by the MI and NDI values, were induced by treatment (Table I ). The exposure regimen with protocol B produced a more marked effect on cell cycle progression, especially at the two highest doses (20 and 40 ng/ml), where few, if any, binucleated cells were recovered (Table I) . Consequently, only cultures treated with 5 and 10 ng/ml of VBL were further analysed. At these doses, binucleated cells with micronuclei or showing the nondisjunction of chromosome X displayed a clearcut increase (Figure 1) . Similar results were obtained at 60 h (data not shown).
With both protocols, 1000 mononucleated cells per experimental point were analysed (Table I) . With protocol A we observed a slight, dose-related increase of mononucleated cells with two signals, most likely polyploid types. Many of these cells contained micronuclei, whereas the frequency of micronuclei in normal (i.e. with one spot) mononucleated cells did not vary at any dose tested. With protocol B, a large increase of mononucleated cells with two X chromosome signals (many of which were micronucleated) was observed at 5 and 10 ng/ml of VBL. •"Significantly higher than control value (P < 0.01). "'Significantly higher than control value (P < 0.001).
Based on the above findings, we used protocol B for a more detailed study of the chromosome malsegregation pattern produced by VBL and COL.
Pattern of chromosome segregation in cultured human lymphocytes after VBL and COL treatment
The results obtained with VBL and COL in experiments with lymphocyte cultures from one male and one female donor are summarized in Tables II-V Table II summarizes the results obtained with VBL in binucleated cells hybridized with the X chromosome centromere probe. With both donors, a significant increase of MnBin was observed at 5 and 10 ng/ml. A severe cell cycle delay was produced by the highest dose in male lymphocytes. These slides were not hybridized due to the very low number of binucleated cells available. In hybridized slides, a significant increase of Cl was observed in female lymphocytes at 5 or 10 ng/ml, depending on the harvest time. Conversely, no significant increase in Cl was observed in male cells. On the other hand, at both harvest times, chromosome X Nd significantly increased with VBL treatments. In female donor lymphocyte cultures Nd was induced even at the lowest dose applied (1.25 ng/ml, harvest time 72 h). This dose failed to produce a marked effect on the cell cycle and, most notably, failed to increase the overall rate of micronucleated cells "in the same cell culture (column MnBin). This result is particularly noteworthy, considering that the detection of Nd was based on the analysis of one single chromosome pair. Lymphocytes of a male donor were hybridized with a chromosome X centromeric probe. The frequency of micronucleated and non-disjunctional types recorded in 2000 binucleated cells scored is shown. **Significantly higher than the control value (P < 0.01). """Significantly higher than the control value (P < 0.001).
increase of micronuclei was observed only at the highest dose applied (20 ng/ml). Due to both the extensive mitotic block produced and the low number of binucleated cells available, slides were not hybridized at this dose. The pattern of missegregation of chromosome X produced by COL treatment basically confirmed the results obtained with VBL. Hence, also with COL, the X chromosome Nd was the unique event observed at the lower doses (5-10 ng/ml), which were unable to induce micronuclei and Cl. Due to the well-known age-related tendency of chromosome X to missegregate in female lymphocytes, a further analysis was performed to check whether the effects seen were related e Nd: number of binucleated cells displaying X chromosome non-disjunction; f Miss: number of binucleated cells displaying X chromosome missegregation (Nd plus Cl); Scored on Giemsa-stained slides. ND: not determined.
•Significantly higher than control value (P < 0.05). "Significantly higher than control value (P < 0.01).
•"Significantly higher than control value (P < 0.001). to the intrinsic characteristics of chromosome X or whether they were representative of the overall malsegregation pattern induced by spindle poisons in human lymphocytes. For this purpose, slides prepared from the female donor were hybridized with a chromosome 1 centromere probe. The results presented in Tables IV and V confirmed the hypothesis that Nd is effectively induced even with an autosome at doses which are unable to induce the loss of the same chromosome and/or to increase the overall incidence of micronuclei in the same cell culture.
Discussion
Aneuploidy is the consequence of a variety of errors occurring during chromosome segregation, leading to either nondisjunction or chromosome loss. The method applied in this
Chromosome mlssegrcgatioa In binucleated lymphocytes Table II. study, based on the FISH of cytokinesis-blocked cells, allows the detection and quantification of both end-points in the same cell population (Zijno et al., 1994) . The simultaneous analysis of Nd and Cl in cultured human lymphocytes demonstrated that Nd is the prevalent damage resulting from exposure to low, sub-inhibitory doses of VBL and COL spindle poisons. The comparison of malsegregation rates of chromosomes X and 1 in lymphocytes of the same female donor suggest that the inactivation of chromosome X in female somatic cells does not affect the extent and the overall pattern of chromosome malsegregation produced by spindle poisons. By contrast, the pattern of segregation most likely depends on the cellular target involved. In this regard, a previous study on spontaneous sex chromosome malsegregation in female lymphocytes, a phenomenon resulting from progressive centromere dysfunction (Fitzgerald et al, 1975; Galloway and Buckton, 1978) , demonstrated that Nd and Cl occur with similar frequencies (Zijno et al, 1996) . A completely different pattern was observed in this study with the antimicrotubular agents VBL and COL. Part of the research was dedicated to the optimization of treatment conditions for the induction of chromosome malsegregation by spindle poisons. Previous studies on human lymphocytes (Van Hummelen and Kirsch-Volders, 1992; Luomahaara and Norppa, 1994) and fibroblasts (Antoccia et al, 1993) have pointed out the importance of a proper exposure protocol in the assay of spindle poisons. The above studies achieved the optimum efficiency for the induction of micronuclei in binucleated cells with exposure conditions permitting the course of mitosis in the presence of the drugs. According to those findings, in our study the highest malsegregation rates were observed with extended treatments, encompassing the time of the first mitotic division of stimulated lymphocytes, with no recovery of cells in drug-free medium. Following this protocol, the binucleated cells scored represent the cell subpopulation with partial or no impairment of the mitotic apparatus, which retain the ability to proceed through mitosis. This cell population was highly prone to mistakes in chromosome segregation after chemical treatment, as shown by the high incidence of missegregated types among binucleated cells. On the other hand, completely arrested cells, lacking a functional mitotic apparatus and unable to segregate their chromosomes in daughter nuclei, contributed to the high rate of polyploids observed at the highest doses. These polyploid types were highly prone to loss of chromosomes, as demonstrated by the high incidence of micronuclei recorded. In addition, the duration of treatment seems to have affected the extent of the effect induced, especially for Nd. With prolonged treatment, the incidence of Nd was generally much higher at the 72 h harvest time than at the earlier harvest time (60 h). This result suggests that chromosome Nd involves mainly cells with a mild level of spindle damage which, albeit not completely blocked, may be delayed in their cell cycle progression. According to the notion that induction of Nd does not rely on heavy spindle damage, significant increases of Nd were observed even at the lowest doses applied, in the absence of an appreciable mitotic block, as revealed by the Ml values.
To conclude, the results of this study suggest that Nd may be the most appropriate end-point to investigate when looking for low-dose effects of spindle poisons, such as in the search for threshold doses in aneuploidy induction. However, further studies are necessary to confirm the general relevance of these findings in other cell types, in view of the possible interference of Cyt B with chemically induced chromosome malsegregation (Norppa et aL, 1993) . The methodology's potential could be significantly improved with the use of multiple fluorescent chromosome probes that have the potential to greatly increase the analytical power of the assay. This would enable the exploration of the significance of exposures to very low doses of aneugens, a task we are presently carrying out in laboratory.
